ABSTRACT Widespread fire disasters always occur in several concentrated short periods. A large range of fire disasters can cause the tripping of dozens of transmission lines simultaneously, posing a serious threat to safe operation of the power grid. The degree of risk cannot be efficiently calculated, making it difficult to guide the optimization of the allocation of fire extinguishing equipment. This paper describes the development of a large wildfire disaster power grid fault fire extinguishing equipment optimal allocation method and a proposed fast calculation method of transmission line risk. The risk index is calculated for different regional power grids according to subareas. According to the grid risk, fire extinguishing equipment will be deployed in advance to address high-risk areas of the grid fire, fully exploiting the limited equipment fire extinguishing effectiveness. The proposed method is verified in the Hunan provincial power grid as a case study. The results show that the number of calculations can be reduced to 1.2 × 10 3 for the case in which 20 transmission lines are threatened by fire disasters; using computer resources with 30 trillion operations per second, the calculation time is less than 5 min. This capability can provide scientific and efficient guidance for disaster treatment of the electric power grid.
I. INTRODUCTION
Nowadays, most rural residents always use coal and liquefied petroleum gas instead of grass and wood in China. Trees and weeds are present everywhere and are affected by fire customs, e.g., the Qingming Festival, which is a memorial ceremony involving the burning of crops and occur throughout China. According to statistics, more than 20 thousand wildfires have taken place every year in recent years. A large range of fire disasters can cause the tripping of dozens of transmission lines simultaneously, posing a serious threat to safe operation of the power grid. Wildfire accidents have led to many tripping incidents of transmission lines [1] - [6] . With the rapid development of the ultra-high voltage (UHV) transmission project in China, a high reliability of the transmission lines of the large power grid is required. When a UHV transmission line trip accident occurs, it poses a major threat to the stability of the grid, even causing power grid crashes and reconciliation under several serious situations. Different transmission line trips have different influences on the power grid. The magnitude of risk cannot be judged by the density of fire disasters alone. Thus, an area with frequent wildfires is not necessarily a high-risk area of the grid. In addition, the number of fire extinguishing equipment is so limited, it is impossible to effectively reduce the impact of mountain fires on the power grid by relying solely on the fire density of the power grid. Firefighting equipment should be deployed in advance to areas with high fire risk. Therefore, fire equipment should be arranged in advance according to the risk degree of the transmission line before a fire occurs. This arrangement can significantly shorten the firefighting distance, and ensure timely rescue of major wildfires threatening the grid in the event of wildfires. However, when widespread wildfires occur, wildfires threaten a large number of transmission lines. When calculating the degree of line risk using the permutation and combination method, the number of computations is huge. For example, in the case of 30 transmission lines under the threat of wildfire, the number of permutations and combinations is up to 1 billion 100 million times. This will cause the curse of dimensionality, and the inability to efficiently calculate the degree of line risk. As a result, it is difficult to provide guidance for the optimal control of fire extinguishing equipment.
Wei et al. [7] proposed a method of power grid risk assessment based on the enumerative sampling method. The method is only applicable to urban power grids in small areas and cannot efficiently calculate the risk assessment results of a large power grid. Shi et al. [8] , Tian and Xiao [9] , and Gao et al. [10] proposed methods of power grid risk analysis based on fault enumeration and probability sampling. This type of method can overcome the large number of fault combinations in the large grid enumeration method to a certain extent. In [11] - [16] , a method of grid risk assessment based on Monte Carlo or improved Monte Carlo sampling method was proposed, and can improve the efficiency of the power grid risk analysis. However, the existing research has mainly focused on the overall risk assessment of the power grid under multiple faults. Quantitative analysis of transmission line risk has not yet been conducted. The existing methods cannot analyze the disaster under the conditions of different regional power grid risk degree, and cannot guide the optimization of control fire area of greatest risk to the power grid equipment. Meanwhile, the existing dispatch method of fire extinguishing equipment for fire hazards is only based on the density of fire control and cannot fully exploit the extinguishing effectiveness of the fire extinguish equipment.
Therefore, this paper presents a fast method for calculating the risk of multi-fault of transmission lines under widespread wildfires. Regional risk index is calculated in different regional power grid. According to the grid risk, a method is proposed for optimization control of fire extinguishing equipment. With early deployment of firefighting equipment to areas with high risk of fire at the grid, it can fully exploit the benefits of limited fire extinguishing equipment.
II. BACKGROUND THEORY AND METHODS

A. THREAT OF WILDFIRE DISASTER TO POWER GRID OPERATION
When the transmission line is in an area of wildfire, the insulation between the ground phase and the interphase gap decreases sharply, thereby allowing breakdown to occur, and the reclosing often fails to cause serious accidents of the line outage ( Figure 1 ). In the 1980s, Brazil, Mexico and South Africa had planted sugarcane in large areas; when farmers burned straw stalks, a large number of tripping accidents occurred on power transmission lines. In recent years, coal and liquefied petroleum gas have become the main fuels in rural areas of China. Influenced by the custom of human production and fire, frequent fire disasters occurred frequently near transmission lines. During the period of high incidence of mountain fires, such as during the Spring Festival in 2013, more than 1000 fire points broke out in the country, resulting in more than 20 trips of transmission lines of 500 kV and over [2] , [3] .
The trip simulation test of a transmission line during the burning of a wooden pile was conducted at the University of Science & Technology China, and the breakdown field strength of the high voltage line under the condition of wood crib fire has been summarized. Wuhan University conducted the investigation and analysis of a 500-kV line trip accident scene. A simulation test platform for the line fire trip in the laboratory was set up. A small-scale mountain fire trip test based on a wood crib fire was conducted. The influence of flame and ashes on breakdown field was studied. However, in the actual operation of transmission lines, most of the combustion beneath the transmission lines is mixed with shrubs, weeds, or many types of combustion. In the past, a wooden crib fire was used as a simulation experiment of mountain fire trips. In addition, the maximum test voltage of the simulated fire trip simulation test is lower than the AC 50 kV, and the voltage level is low. Such a low voltage cannot truly reflect the lightning discharge condition of the transmission line in the field of high voltage.
Therefore, the author's department, the State Key Laboratory of Disaster Prevention and Reduction for Power Grid Transmission and Distribution Equipment, has built a test platform for tripping 500-kV transmission lines under wildfire disaster (Figure 2 and Figure 3) . A simulation experiment of wildfire trip with 24 plants under different weather conditions was conducted, and a method for calculating trip probability of mountain fires was proposed [17] that provide a theoretical basis for the calculation of wildfire trips.
B. WILDFIRE DENSITY FORECASTING
Conducting fire forecasting for transmission lines can prepare anti-fire measures in advance to reduce disaster losses. The forest department aims at forecasting forest fires in specific areas. The vegetation coverage in these areas is clear, and the VOLUME 6, 2018 laws of forest fires are regular; as a result, they do not need to consider the influence of industrial and agricultural fire custom. The traditional forest fire danger grade calculation is complex and has too many parameters, the maneuverability is poor, and the transmission line under the actual situation has not been considered. The fires occurring near the transmission lines are greatly affected by the practices of industry, agriculture and fire. The random occurrence of fire is very frequent, and it is difficult to predict accurately.
Therefore, the author's department, the State Key Laboratory of Disaster Prevention and Reduction for Power Grid Transmission and Distribution Equipment, has performed research on the method of prediction of forest density, and obtained and analyzed more than 20 types of 526 million data points, such as fire points, weather, vegetation, manmade fire habits and so on, over the past 15 years. Through multivariate correlation analysis of the vegetation, artificial rainfall, frequent fire, days without rain, temperature, humidity, the influences of five important factors were found: ''fire density agricultural use custom,'' precipitation, temperature, humidity, and ''days without rain''. The driving effect of various factors on the occurrence of fire in the network was revealed. A fire density forecasting model was established [18] , [19] . According to the prediction method of fire density, the numerical prediction results of fire density can be obtained. The number of fire densities within each grid represents the number of fires that may occur within the grid. 
C. THE INVERSE CALCULATION OF FIRE DENSITY FOR TRANSMISSION LINES
The author's department, the State Key Laboratory of Disaster Prevention and Reduction for Power Grid Transmission and Distribution Equipment, has built a prediction system for the density of fire in the power grid [4] , [20] , [21] . The spatial resolution of the prediction is 100 km × 100 km. Under the influence of topography and wind, the propagation rate of wildfire in transmission lines is 6∼20 m/min. A wildfire can spread to approximately 2 km within 1.5 hours. The statistical analysis of practice data also show that wildfires that lead to line tripping are mainly within the 2.5-km range of transmission lines corridors. Therefore, wildfires within the 2.5-km corridor of the line corridor must be the focus of study, along with the fire extinguishing equipment dispatched according to the risk of forest fire disaster grid.
The inverse calculation of the fire density for transmission lines should take into account the following 3 situations:
(1) The corridors of transmission lines are of the same wildfire density
If the corridors of transmission lines are of the same wildfire density level (shown as Figure 4) , then the inverse calculation value of fire density for transmission lines is the arithmetic mean of the wildfire density value in the corridors of the transmission lines.
(2) Transmission lines pass through different levels of fire density If the transmission lines pass through different levels of fire density (as shown in Figure 5 ), then the arithmetic mean value of the grid value in the transmission line tower is calculated via subsections with different levels of fire density.
(3) If the density of fire density on the left and right sides of the transmission line is different (as shown in Figure 6 ), then the arithmetic mean value of the grid value of the transmission tower is calculated on the left and the right sides, respectively.
III. OPTIMAL ALLOCATION OF FIRE EXTINGUISHING EQUIPMENT A. MULTI-FAULT RISK ANALYSIS METHOD OF POWER GRID UNDER FIRE DISASTER
In this paper, a multiple fault combination sampling method for transmission lines is proposed, that can significantly reduce the number of permutations and combinations, and overcome the curse of dimensionality of permutation and combination methods. The concrete steps are as follows:
(1) According to the fire density forecasting results, through the superposition calculation of the transmission line tower location and the fire density prediction data, the fire density value of each transmission line tower is obtained, and the line where the tower density is more than 0 is selected. These lines are a collection of transmission lines that are threatened by wildfire. This collection is denoted as L:
where n is the number of transmission lines threatened by wildfire and l i denotes the i-th transmission line threatened by wildfire.
(2) Tripping probability is calculated for each transmission line in the collection L threatened by wildfire.
where p i is the tripping probability of the i-th transmission line; n is the number of transmission lines threatened by wildfire.
For each line of a set of transmission lines threatened by a wildfire, a floating point between 0 and 1 is randomly generated. If the random number is greater than the trip probability of the line, it indicates that the line is contained in the combination of fire faults, and conversely, the line is not contained in the fault combination. In this manner, a line fault combination F j is generated, as shown in the following:
where k is the number of transmission lines in the fault combination and f j i denotes the i-th transmission line in the j-th fault combination.
(4) The power grid risk index D j is calculated under the j-th fault combination. In this paper, the power load loss is chosen as the power grid risk index. The calculation of power load loss can be referred to [22] - [26] .
(5) The risk of each transmission line is calculated by the following calculation:
where R i is the risk of the i-th transmission line; q is the number of fault combinations that contain the j-th transmission line; D i denotes the power load loss under the i-th fault combination (that contains the j-th transmission line); and m is the number of fault combinations. (2) - (5) until the calculation time is larger than the total calculation time calculated by step (7).
(9) Calculated the risk value of each transmission line R j . (10) Check whether the calculation accuracy η is less than the set value α. If the calculation accuracy is less than the set value, then go to step (10) . Otherwise, go to step (8) and continue the calculating process. The equation for η is as follows:
where T is the total calculation time required. η is the calculation accuracy index. R t i denotes the risk of the i-th transmission line after t calculation times.R i is the mean risk of the i-th transmission line.
B. RISK ANALYSIS OF POWER GRID UNDER FIRE DISASTER
In this paper, a method for calculating the distribution of power grid risk under fire disaster is proposed that realizes the transformation from the risk of fire disaster to the risk of power grid under fire disaster. The concrete steps are as follows:
(1) Calculate the risk of each transmission line threatened by wildfire using the method described in Section III-A.
(2) The analyzed areas are divided into grids. The grid resolution is the same as the fire density forecasting results.
(3) Calculate the risk in each grid by the following equation:
where R i is the risk of the i-th transmission line; q is the number of transmission lines located in the k-th grid; and G k is the risk of the k-th grid. (4) In practice, fire extinguishing equipment is allocated by administrative division. Therefore, the risk is calculated in administrative divisions using the following equation:
where J i denotes the power grid risk of the i-th administrative division, u is the number of grids located in the i-th administrative division, G k denotes the power grid risk of the k-th grid, and R k is the fire density of the k-th grid.
C. OPTIMAL ALLOCATION MODEL FOR FIRE EXTINGUISHING EQUIPMENT 1) THE BASIC PRINCIPLE OF ALLOCATING FIRE EXTINGUISHING EQUIPMENT
To fully exploit the benefits of fire extinguishing equipment, the basic principles of allocation of fire extinguishing equipment are proposed as follows:
(1) Taking advantage of the existing facilities Because of the large number of inspection stations, line patrol point and other simple or fixed facilities along the power grid construction, the infrastructure deployment that is based on experience in the field of line operation and maintenance units, has a good reference. In addition, the existing infrastructure can allow fire extinguishing equipment to reach the fire field as soon as possible under the guidance of line patrol officers.
(2) Full coverage of transmission lines To ensure that fire extinguish equipment can reach the scene of the fire in time, the fire extinguishing equipment should not be allocated more than 25 km from the fire scene.
Moreover, to avoid the tripping of a transmission line, in the allocation process of fire extinguishing equipment, we must follow the principle of full coverage of the transmission lines.
(3) The principle of convenience On the premise of satisfying the above 2 principles, the fire extinguishing equipment should be arranged close to a highspeed intersection. This principle is convenient for transportation and convenient for refueling.
2) OPTIMAL ALLOCATION OF FIRE EXTINGUISHING EQUIPMENT
In order to ensure the applicability of the model, the following assumptions and constraints are included in the model calculation.
(1) All fire extinguishing equipments are available for dispatch.
(2) Traffic conditions can ensure that the fire extinguishing equipments can reach the fire field.
(3) One fire extinguishing equipment can handle one mountain fire.
According to the analysis of the historical tripping of a transmission line under a wide range of wildfire process, when the number of wildfire points near the 500-kV transmission line corridor is greater than 3, the possibility of fire tripping is high. At the same time, when the power grid risk index is greater than 0.5, the power grid will be under the risk of losing stability. Therefore, to reduce the number of trips induced by fires and to reduce the power level of risk, this paper sets fire extinguishing equipment dispatched to the reference value as follows: if the fire density is 3 and the power grid risk index is 0.5, then 1 piece of fire extinguishing equipment should be allocated.
According to the risk degree of the regional power grid, the calculation of the number of pieces of fire extinguishing equipment dispatched is given by the following formula:
where N i denotes the number of arranged fire extinguish equipment in the i-th administrative division; J i denotes the power grid risk of the i-th administrative division; and U(·) is the operator for rounding up.
IV. CASE STUDY
In this paper, taking the high incidence of fire in the Hunan provincial power grid in 2017 during the Qingming Festival as the object of study, the effectiveness of the proposed method is analyzed and validated as follows.
A. THE FIRE DENSITY FORECASTING OF THE HUNAN POWER GRID DURING THE QINGMING FESTIVAL
On March 30 th , 2017, the results of April 2 nd , 2017 (Qingming Festival) fire density were calculated as shown in Figure 7 . From Figure 7 , the wildfire disasters were forecast to occur mainly in the eastern and southern and Southeast Hunan Province. 
B. ANALYSIS OF POWER GRID RISK UNDER WILDFIRE DISASTERS
(1) Through the inverse calculation of the fire density, the transmission lines under influence are obtained in Table 1 .
(2) The multiple fault combination sampling method of the transmission line is proposed in this paper, and the number of multiple fault combination sampling times is approximately 1200. Compared with the permutation and combination method, the computational cost is reduced by 99% (permutation combination method is 1.05 × 10 6 times). The computation time is reduced to less than 5 minutes. The risk scale of fire disaster in each transmission line is analyzed, and the results are listed in Table 2 .
(3) According to the results of the grid risk analysis and the prediction of the fire density, the grid risk distribution map is drawn, as shown in Figure 8 . As seen from the diagram, the most dangerous areas of Hunan power grid are mainly VOLUME 6, 2018 concentrated in Shaoyang city, Yongzhou city, and Hengyang city.
C. OPTIMAL ALLOCATION OF FIRE EXTINGUISHING EQUIPMENT
According to the results of risk analysis and inspection status of the power grid and city maintenance company location, using the proposed power grid fault fire extinguishing equipment optimization control method, we obtained the fire equipment optimization scheme shown in Figure 9 .
D. RESULTS AND DISCUSSION
The fire extinguishing equipment optimization scheme was performed in advance of the security surveillance; the scheme can significantly shorten the firefighting distance and can ensure firefighting is performed when fires occur the first time. During the Qingming Festival, more than 50 fires were successfully extinguished. Eleven of 50 fire disasters were near the highest risk area of Chuanshan substation. Because of the optimal allocation of fire extinguish equipment in advance, no trip accidents of a transmission line of 500 kV or above voltage class occurred in the Hunan power grid.
V. CONCLUSIONS
This paper proposes a method for the optimal control of large wildfire disaster fire-prevention equipment for a power grid. This method can provide a comprehensive analysis of multiple fire fault system risk, overcome the problem of the huge amount of computation present with the enumeration method, can rapidly calculate the degree of risk on the grid line, and can calculate the risk index of different regional power grids based on grid partitioning to determine the degree of risk, thereby allowing for zonal optimization of the allocation of fire extinguish equipment to areas at high-risk for grid fires in advance. This method can fully and efficiently exploit the limited fire extinguishing equipment and can effectively enhance the effectiveness and efficiency of firefighting. 
